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Dark-field TEM micrographs of CoO/CoFe2O4 (upper panel) and ZnO/CoFe2O4 (bottom panel) and a 
schematic representation of the core/shell structures. Inset: size distributions of CoO/CoFe2O4 and 
ZnO/CoFe2O4 nanoparticles.  
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Temperature dependence of magnetization for (a) ZnO/CoFe2O4 nanoparticles (b) CoO/CoFe2O4 
nanoparticles (full symbols indicate ZFC curves and empty symbols indicate FC curves, for clarity the curves 
were scaled by a fixed factor). (c) Mean blocking temperature as a function of the applied field (dashed lines 
are a guide to the eye).  
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(a) Temperature dependence of the saturation magnetization ratio MS/M0 for ZnO/CoFe2O4 and CoO/CoFe2O4 
nanoparticles (bulk CoFe2O4 experimental values from ref 41 are shown for comparison). Inset: Hysteresis 
loops at 5 K. (b) Temperature dependence of the coercive field. Inset: field dependence of magnetization at 
300 K. (full lines represent the corresponding fits).  
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DCD (empty symbols) and IRM (full symbols) curves for (a) ZnO/CoFe2O4 nanoparticles  and (b) 
CoO/CoFe2O4 nanoparticles measured at 10 K. (c) δm plots and (insets) irreversible susceptibilities 
calculated from the DCD and IRM curves (lines are a guide to the eye).  
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Magnetic viscosity coefficient (S) as a function of the reverse field for ZnO/CoFe2O4 and CoO/CoFe2O4 
nanoparticles (lines are a guide to the eye).  
84x59mm (300 x 300 DPI)  
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ABSTRACT 
In this work we studied the dynamic and static magnetic properties of ZnO-core/CoFe2O4-
shell and CoO-core/CoFe2O4-shell nanoparticles. Both systems are formed by a core of ~ 4 
nm of diameter encapsulated in a shell of ~ 2 nm of thickness. The mean blocking 
temperature changes from 106(7) K to 276(5) K when the core is diamagnetic or   
antiferromagnetic, respectively.  Magnetic remanence studies revealed the presence of 
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weak dipolar inter-particle interactions, where Hint is approximately - 0.1 kOe for 
ZnO/CoFe2O4 and - 0.9 kOe for CoO/CoFe2O4, playing a minor role in the magnetic 
behavior of the materials. Relaxation experiments provided evidence that the magnetization 
reversal process of CoFe2O4 is strongly dependent on the magnetic order of the core. At 10 
K, activation volumes of ~ 46(6) and ~ 69(5) nm
3
 were found for CoO/CoFe2O4 and 
ZnO/CoFe2O4 nanoparticles, respectively, corresponding to one-third and one-fifth of the 
total shell volume. While the magnetic behavior of ZnO/CoFe2O4 nanoparticles is strongly 
affected by the surface disorder, the exchange coupling at the CoO/CoFe2O4 interface rules 
the magnetization reversal and the nanoparticles’ thermal stability by inducing a larger 
energy barrier and promoting smaller switching volume. 
KEYWORDS: Magnetic Nanoparticles, Exchange-coupling, Magnetic anisotropy, 
Interparticle interactions, Intraparticle interactions, Cobalt ferrite. 
1. INTRODUCTION 
The search for new magnetic materials has motivated the fabrication and study of 
nanostructures with tuned and improved properties that would allow the development of 
novel and promising technologies. Among nanostructured materials, magnetic 












particular, the possibility of fabricating bimagnetic NPs, that combine materials with 
different magnetic order and anisotropy, has added a new degree of freedom to better tune 
specific properties.
13–17
 The progress in the production of advanced magnetic NPs is based 
on the synergy between new fabrication techniques and the understanding of the origin of 
the interactions governing the magnetic behavior. A number of bimagnetic 
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antiferromagnetic (AFM)/ferrimagnetic (FiM) interface exchange-coupled core/shell 
systems have shown improved properties such as an increase of the coercive field (HC) and 
thermal stability
18
 and high and tunable exchange bias fields (HEB).
19,20
 However, the 
complexity of these nanostructures adds new factors, e.g. inter and intra-particle 
interactions, shape, surface and/or magnetocrystalline anisotropy, size distribution, that 
make more difficult the analysis. The mentioned factors directly affect the energy barrier 
distribution and, as a consequence, they alter the magnetization reversal process and 
determine the range of application of a particular magnetic material.  
In this work we studied the influence of the interface exchange interaction on the 
magnetization reversal process by comparing two bimagnetic nanoparticle systems with 
analogous size and morphology. One system is formed by NPs with a diamagnetic ZnO 
core encapsulated in a FiM CoFe2O4 shell while the other one consists of NPs with an AFM 
CoO core encapsulated in a FiM CoFe2O4 shell. The energy barrier distribution of 
ZnO/CoFe2O4 system is expected to be determined by size, shape and distribution of 
magnetic anisotropy, but may also be modified by the inter-particle interactions. For the 
CoO/CoFe2O4 system, besides the previously mentioned contributions to the energy barrier 
distribution, intra-particle interactions due to the exchange interaction at the AFM/FiM 
interface could play a relevant role in the NPs’ magnetic moment reversal. The samples 
were studied through various conventional DC magnetization measurements with the aim 
of determining the energy barrier distributions and how they are affected by inter- and 
intra-particle interactions. In addition, the magnetic viscosity, originated by the thermally 
activated transition over the energy barrier, and the activation volume, defined when the 
system overcomes the energy maximum, were analyzed taking into account their 
correlation with surface effects and magnetic interactions.  
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2. SAMPLE PREPARATION AND EXPERIMENTAL SETUP 
ZnO core/ CoFe2O4 shell and CoO core/ CoFe2O4 shell nanoparticles were synthesized 
by combining the chemical route of high temperature decomposition of organometallic 
precursors with a seed-mediated process.
21,22
 A detailed description of the synthesis is 
reported in ref 23. To fabricate ZnO NPs, 3 mmol Zn(II) acetylacetonate (Zn(acac)2) were 
mixed with long-chain alcohol 1-2 octanediol (1.8 mmol), diphenyl ether (190 mmol), oleic 
acid (9 mmol) and oleylamine (9 mmol) and heated up to T ~ 260 ºC for 120 min. The 
CoFe2O4 was overgrown by adding Co(acac)2 and Fe(acac)3 with 1:2 molar ratio (0.6:1.2 
mmol) together with 1-2 octanediol (2 10
-2
 mmol), diphenyl ether (95 mmol), oleic acid (3 
mmol) and oleylamine (3 mmol). The solution was magnetically stirred and heated up to 
the boiling temperature T ~ 260 ºC for 120 min. After cooling down to room temperature, 
the NPs were washed several times with a mix of ethanol and toluene 10:1 solution. In 
order to improve the sample crystallinity,
24
 the obtained dry powder was annealed at T ~ 
300 ºC in air atmosphere for 2 h. Afterwards, the sample was re-dispersed in ethanol and 
the suspension was dropped on a copper grid for transmission electron microscopy (TEM) 
observation. The morphology and particle size were evaluated in a Philips CM200 UT 
TEM microscope operating at 200 kV by measuring around 300 particles of each sample in 
either bright-field and dark-field micrographs. The DC magnetization measurements were 
performed by a Quantum Design SQUID magnetometer, equipped with a superconducting 
coil that produces magnetic fields in the range ± 50 kOe. Samples in the form of powders 
were immobilized in an epoxy resin to prevent any movement of the NPs during the 
measurements. Magnetization versus temperature measurements were performed using 
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zero-field-cooled (ZFC) and field-cooled (FC) protocols. ZFC and FC magnetization 
measurements were carried out by cooling the sample from room temperature to 5 K in 
zero magnetic field, then, a static magnetic field was applied. MZFC was measured during 
the warm-up from 5 K to 300 K, whereas MFC was recorded during the subsequent cooling-
down. The field dependence of remanent magnetization was measured using the isothermal 
remanent magnetization (IRM) and direct current demagnetization (DCD) protocols. The 
initial state for an IRM measurement is a totally demagnetized sample cooled in zero 
magnetic field. In the present case, an external field was applied and kept for 10 s; then, it 
was switched off and the remanence was measured (MIRM). The process was repeated 
increasing the field up to saturation. In a DCD measurement, the initial state is the 
magnetically saturated one. An external field of 50 kOe was applied and kept for 10 s; then, 
a small external field in the direction opposite to magnetization was applied and, after 10 s, 
it was switched off and the remanent magnetization (MDCD) was measured. This was 
repeated while increasing the field up to + 50 kOe. The time dependence of magnetization 
was investigated by saturating the samples with a 50 kOe applied field and then measuring 
the magnetization after the application of reverse fields with different magnitude and values 
close to the coercivity of each sample. 
 
3. EXPERIMENTAL RESULTS AND DISCUSSION 
3.1 Structural Characterization 
TEM images evidence that the samples are composed by ZnO NPs (or CoO NPs) 
encapsulated in CoFe2O4. The samples consist of ~ 8 nm NPs formed by ~ 4 nm diameter 
ZnO (or CoO) cores surrounded by a ~ 2 nm thick cobalt ferrite shell (as detailed in Table 
1). The inset of Figure 1 shows the NPs’ size dispersion, obtained from TEM 
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measurements, where a log-normal distribution is observed for both systems. Characteristic 
dark-field TEM micrographs, obtained by the intensity of a fraction of CoFe2O4 (111) 
diffraction ring, evidence the core/shell morphology of the material (Figure 1); for clarity, a 
schematic representation of the NPs’ architecture is also reported. A comprehensive 




Figure 1 Dark-field TEM micrographs of CoO/CoFe2O4 (upper panel) and ZnO/CoFe2O4 
(bottom panel) and a schematic representation of the core/shell structures. Inset: size 
distributions of CoO/CoFe2O4 and ZnO/CoFe2O4 nanoparticles. 
3.2 Magnetic Behavior 
Magnetization versus temperature curves were measured following ZFC and FC 
protocols at applied fields in the range 0.05-20 kOe (see Figure 2 and Figure S1 at the 
supporting information). The ZFC and FC magnetization measurements suggest the 
presence of a blocking process typical of an assembly of magnetic NPs with a distribution 
of blocking temperatures (). The maximum of the low-field ZFC curve is located at ~ 
200 K for ZnO/CoFe2O4 NPs and above room temperature for the CoO/CoFe2O4 system 
when the measurement is performed at 0.1 kOe and 0.05 kOe respectively, and both shift 
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toward lower temperatures when the measurement is performed applying higher magnetic 
fields. In addition, the FC curves of both samples show a weak temperature dependence 
below the ZFC maximum, suggesting the presence of magnetic interactions. 
In order to quantify the dependence of  on the magnetic field we refer to the Néel 
model for an assembly of identical non-interacting single domain NPs. Within this model 
 can be defined as the temperature where the relaxation time () is equal to the 
experimental “time window” ():  = ∆		  , where ∆ corresponds to the energy 
barrier and kB is the Boltzmann constant.  However, real particle systems present 
interactions and a distribution of size and magnetic anisotropy that simultaneously affect 
the energy barrier. The irreversibility between ZFC and FC curves arises from the 
distribution of energy barriers or blocking temperatures (), therefore the mentioned  
distribution could be determined  through the relation ()~(1/)( − )/,25–
27
 and the mean blocking temperature, 〈〉, can be defined as follows: 







The insets of Figures 2a-b show () calculated from the low-field ZFC and FC 
magnetization curves. It is important to notice that the size distributions obtained from 
TEM measurements show typical log-normal size distributions with a single peak for both 
systems (see insets of Figure 1). However, while the () curve for ZnO/CoFe2O4 
particles also shows a lognormal temperature dependence with a single maximum, the 
bimagnetic CoO/CoFe2O4 system presents two relative maxima located at ~230 K and ~290 
K. These results evidence that the CoO/CoFe2O4 system presents other contributions to the 
energy barrier, in addition to the size dispersion. In particular, the high temperature 
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anomaly is still observed at higher applied fields (as shown in Figure S2 at the supporting 
information) and its position matches well with the Néel temperature of CoO (TN ~290 K). 
The mean blocking temperature, 〈〉, calculated at low fields from Equation 1, changes 
from 〈〉 = 106(7)	* to 〈〉 = 276(5)	* when the core is diamagnetic or AFM, 
respectively. Such significant difference implies an enhancement of the thermal stability of 
CoO/CoFe2O4 system ascribed to the presence of interface exchange interaction.  
The magnetic field dependence of the magnetization reversal process is usually analyzed 
through the relation 〈〉(-) = .[1 − (-/-.)0/1] obtained for single domain NPs, where 
-. and . are the coercive field at zero temperature and the blocking temperature at zero 
field, respectively.
25,28–30
 Figure 2c presents 〈〉 as a function of -0/1: while ZnO/CoFe2O4 
NPs present a linear trend, as expected for non-interacting particles,
25,31
 for CoO/CoFe2O4 
NPs the variation does not follow the -0/1 dependence. Such discrepancy suggests that for 
CoO/CoFe2O4 NPs both magnetic intra-particle and/or inter-particle interactions are 
playing a major role in determining the energy barrier.  
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Figure 2 Temperature dependence of magnetization for (a) ZnO/CoFe2O4 nanoparticles (b) 
CoO/CoFe2O4 nanoparticles (full symbols indicate ZFC curves and empty symbols indicate 
FC curves, for clarity the curves were scaled by a fixed factor). (c) Mean blocking 
temperature as a function of the applied field (dashed lines are a guide to the eye). 
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Table 1 Summary of the characterization parameters: mean diameter 〈3〉 and diameter 
dispersion (45) from TEM measurements, coercive field at 5K (- 5K), mean blocking 
temperature 〈〉, inter-particle interaction field estimated from remanence studies at 10 K 
(-678 10 K) and activation volume calculated from relaxation and remanence measurements 









-678 10 K 
(kOe) 




ZnO/CoFe2O4 8.1 1.6 7.8(1) 106(7) - 0.1(2) 69(5) 
CoO/CoFe2O4 8.2 1.2 27.8(2) 276(5) - 0.9(3) 46(6) 
 
The field dependence of magnetization was measured at different temperatures for both 
samples. The insets of Figures 3a-b show the M(H) curves measured at 5 K and 300 K, 
respectively. The low temperature (5 K) hysteresis curve shows a remarkable increase of 
the coercive field when the core is AFM: HC changes from 7.8(1) kOe to 27.8(2) kOe for 
ZnO/CoFe2O4 and CoO/CoFe2O4, respectively. Besides, at room temperature the 
magnetization of ZnO/CoFe2O4 NPs is fully reversible reflecting the superparamagnetic 
behavior of the sample. In this case, the magnetic volume at 300 K can be derived by fitting 
the experimental data with a Langevin function and a lognormal distribution for the 
magnetic moments.
32
 A mean magnetic moment per particle of 2328(70) µB was estimated, 
which corresponds to an average magnetic volume of 46(3) nm
3
 calculated from the 
CoFe2O4 bulk magnetic moment per unit formula and its lattice parameter.
33
 Considering 
that the overall shell volume is 235 nm
3
, such result implies that at room temperature the 
FiM shell is formed by several superparamagnetic clusters.  
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Figure 3a reports the temperature dependence of the saturation magnetization, ;(), 
normalized to the saturation magnetization extrapolated at zero temperature (.). Both 
samples show a decrease of ;() .⁄  when the temperature is raised, being this decay 
more pronounced for the ZnO/CoFe2O4 system, particularly in the low temperature range 
( < 50	*) where a sharp reduction of ;() is observed. The decrease of the 
magnetization with temperature in an ordered magnetic system is related to the low energy 
collective excitations or spin waves.
34
 Such behavior can be analyzed through the modified 
Bloch expression given by 




where E and > are parameters that depend on the characteristic of the magnetic system 
and the exponential term is a correction due the magnetically disordered layer that depends 
on the size of the particle through the fitting term A. and on a spin-glass freezing 
temperature given by #.  While E = 3/2 has been observed for many bulk materials, in 
nanostructured magnetic materials  deviations from >GHI and EGHI are usually found.34,35 
Hendriksen et al. in ref 35 took into account size effects in calculating the temperature 
dependence of the magnetic moment based on a thermal distribution of spin waves and 
obtained a power law with E = 2 and > similar to the bulk value. The mentioned work 
remarks that the parameter E is size dependent but structure independent; on the other hand, 
> is related to the effective coordination number of the magnetic cluster (mean number of 
nearest neighbors), where a larger > corresponds to “open” clusters with a lower 
coordination number for the surface ions. For  CoFe2O4, bulk E = 2  and >~1.6 ∙ 10CL	*C0 
have been measured.
36,37
 > > >GHI was found for small NPs and > approaches the bulk 
value when the NPs’ size increases.
34,35
 By fitting the data of Figure 3a with a fixed E = 2 
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we have found that the exponential term is negligible for CoO/CoFe2O4 NPs but that it 
should be taken into account for the low temperature increase observed for ZnO/CoFe2O4, 
where A. = 0.05 and # = 10	* have been obtained. These results suggest that the 
ZnO/CoFe2O4 system presents a larger magnetically disordered surface, while for the 
CoO/CoFe2O4 NPs the AFM core promotes a higher degree of magnetic ordering of the 
FiM shell by the interface exchange interaction. Interestingly, while >~4.5 ∙ 10CL	*C0 is 
higher than >GHI for ZnO/CoFe2O4 (as expected for nanostructured materials with a 
reduced mean number of nearest neighbors), >~1.1 ∙ 10CL	*C0 results even lower than 
>GHI for CoO/CoFe2O4, highlighting the important effect of the exchange interaction at the 
AFM/FiM interface, which reduces the surface magnetic disorder by increasing the mean 
number of interacting nearest neighbors and enhances the magnetization thermal stability. 
The temperature dependence of the coercive field for both systems is displayed in Figure 
3b, where a monotonously decrease of - with temperature is observed and an almost four 
times larger - value for the CoO/CoFe2O4 system is found compared to ZnO/CoFe2O4. 
From the energy barrier, calculated for non-interacting and single-domain NPs in the 
presence of a magnetic field, the temperature dependence of -  results25 




where the coercivity at the zero temperature limit, -., depends on the degree of 
alignment of the particles’ easy axes. However, this well-known equation does not consider 
the size distribution and the intra- or inter-particle interactions that modify the energy 
barrier. The energy barrier distribution affects -() because at a particular  only 
particles with  >  will  contribute to the hysteresis; thus, a correction could be taken 
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into account by replacing  in Equation 3 with a temperature dependent mean blocking 
temperature 〈〉",  defined as follows:38   







The coercive field where only the blocked particles are considered is called -() and 
is expected to follow the Equation 3 modified by 〈〉". On the other hand, when the 
temperature raises the fraction of superparamagnetic particles increases and, as a 
consequence, the average coercive field is reduced. According to refs 38,39 the mean 
coercive field for a mixture of superparamagnetic and blocked particles, 〈-〉", can be 
calculated from the linear contribution of the superparamagnetic and blocked components 
of magnetization. Within this approximation, 〈-〉" results 
〈-〉" = -() Q RRSTU(")VW(")/XY(")Z  (Equation 5) 
where [;() is the superparamagnetic susceptibility given by 
[;() = 0\XU]1^" ! ()". . Considering the experimental values of (), shown in 
the insets of Figure 2, the temperature dependence of 〈-〉" was calculated with -. as the 
only free parameter. The full lines in Figure 3b show the fitting of the experimental data 
with Equation 5. Notice that, in spite of the complexity of the magnetization reversal 
process in bimagnetic core/shell NPs, we have obtained a good agreement because () 
includes overall terms that affect the energy barrier.
40
 In the particular case of the 
ZnO/CoFe2O4 NPs we have added to the superparamagnetic susceptibility contribution 
[;() a second _/ term in order to account for the surface disorder contribution 




 was obtained. 
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Figure 3 (a) Temperature dependence of the saturation magnetization ratio MS/M0 for 
ZnO/CoFe2O4 and CoO/CoFe2O4 nanoparticles (bulk CoFe2O4 experimental values from 
ref 41 are shown for comparison). Inset: Hysteresis loops at 5 K. (b) Temperature 
dependence of the coercive field. Inset: field dependence of magnetization at 300 K. (full 
lines represent the corresponding fits). 
3.3  Intra- and inter-particle magnetic interactions 
3.3.1 Remanent magnetization studies 
Magnetization remanence experiments were conducted to get a better comprehension of  
the role of interactions.
42
 The method consists in measuring an isothermal remanent 
magnetization curve (IRM) and a direct current demagnetization curve (DCD) from which 
information about interactions can be derived. By differentiating the remanence curves, a 
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field dependent irreversible susceptibility ([6``) can be calculated. [6``(-) is related to the 
distribution of coercive fields and, in NPs, it is associated to the energy barrier 
distribution.
25,42–44
 Figures 4a-b show the IRM and DCD magnetization curves for 
CoO/CoFe2O4 and ZnO/CoFe2O4 NPs measured at 10 K and the insets show the 
corresponding χirr. Wohlfarth predicted that non-interacting single-domain particles with 
uniaxial anisotropy follow the relation a55(-) = 1 − 2abcX(-),45 where a55 and 
abcX stand for  the remanent magnetization divided by the saturation remanent 
magnetization in DCD and IRM curves, respectively. Deviations from the equation above 
would indicate the presence of different interactions that affect the energy barrier: if 
da(-) = a55(-) − [1 − 2abcX(-)] < 0	, then demagnetizing interactions are 
dominant, whereas da(-) > 0 implies the prevalence of magnetizing interactions.46 
The da plots for CoO/CoFe2O4 and ZnO/CoFe2O4 NPs measured at 10 K are shown in 
Figure 4c, both suggesting the presence of demagnetizing interactions. For CoO/CoFe2O4  
NPs da peak (∆Hp) is centered around 27 kOe, while for ZnO/CoFe2O4  NPs ∆Hp is 
shifted to lower fields (around 9 kOe) in agreement with the lower anisotropy of the last 
system. The interactions strength can be assessed by comparing the χirr(H) curves obtained 
from DCD and IRM; the difference between -bcX and -55 magnetic fields associated to 
the maximum of χirr curves is related to an interaction field given by -678 = VeWe–Vghi0 . The 
strength of the interactions was evaluated by calculating the -678, which resulted to be -0.1 
kOe and -0.9 kOe for the ZnO/CoFe2O4 and CoO/CoFe2O4 samples, respectively. Given the 
demagnetizing nature and magnitude of the calculated interacting fields we ascribe them to 
the inter-particle dipolar interaction. The smaller -678 value found for ZnO/CoFe2O4 could 
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be related to the smaller magnetic moment of the FiM shell due to the larger surface 
disorder as compared to the CoO/CoFe2O4 system. 
  
Figure 4 DCD (empty symbols) and IRM (full symbols) curves for (a) ZnO/CoFe2O4 
nanoparticles  and (b) CoO/CoFe2O4 nanoparticles measured at 10 K. (c) da plots and 
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(insets) irreversible susceptibilities calculated from the DCD and IRM curves (lines are a 
guide to the eye). 
3.3.2 Magnetic relaxation and activation volumes 
A further insight in the reversal of magnetization can be attained by performing magnetic 
relaxation measurements. These experiments, mainly employed in the characterization of 
recording media to determine the stability of the stored information, have also been 
employed to study the time-dependent properties of permanent magnets.
47,48
 Moreover, 
relaxation measurements provide information about the magnetization reversal and the 
origin of hysteretic behavior.
49–51
 In NPs’ systems, the time relaxation of the magnetization 
is originated by the thermally activated reversal of the magnetization against the energy 
barriers of the system. It is frequently described by the logarithmic decay given by 
Equation 6, where j denotes the magnetic viscosity coefficient, k is the time, k. is a 
reference time and (k.) is the magnetization value at k., 
(k) = (k.) + jlm(k/k.)  (Equation 6) 
The magnetic viscosity depends on the field at which the magnetization is recorded and 
tends to be maximum close to the coercive field, reflecting the link between j and the 
energy barrier distribution represented by [6``(-).50 By measuring (k) at different 
applied fields (as shown in Figure S3) and fitting the results according to Equation 6 then 
j(-) can be obtained as it is shown in Figure 5. 
From the maximum values of j(-) and [6``(-) a fluctuation field defined as -# =
jX:n/[6``X:n  can be calculated.44  -# is related to the activation volume (9:") where the 
magnetization reversal initiates through 9:" = o/(;-#).50,52 9:" can be defined as 
the smallest volume of the material that reverses coherently in an event
53
. From the -# 
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value obtained at 10 K we calculated the activation volume for both systems, that resulted 






ZnO/CoFe2O4 and CoO/CoFe2O4, respectively, as 
reported in Table 1. In the case of non-interacting single-domain NPs, the activation 
volume is equal to the particle size, however local effects tend to reduce 9:".52 
Considering the total CoFe2O4 shell volume V ~ 235 nm
3
, which is similar for both 
systems,  we found that the activation volume is three times smaller than V when the core is 
ZnO and five times smaller for the CoO case. The nucleation of magnetization reversal that 
defines the activation or switching field can be originated by local variations of anisotropy 
and structural disorder. Nucleation and interactions are competing processes
54
 and, in this 





Figure 5 Magnetic viscosity coefficient (S) as a function of the reverse field for 
ZnO/CoFe2O4 and CoO/CoFe2O4 nanoparticles (lines are a guide to the eye). 
In the Stoner-Wohlfarth model for non-interacting NPs with uniaxial anisotropy the 
activation volume can be calculated by 9:" = 9p0\"^q 	50 where 9 denotes the physical 
volume and * the effective magnetic anisotropy. Such relationship can be rewritten in 
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terms of the mean blocking temperature as 9:" = 9p "〈"〉 , then, the expected 9:" can be 
simply derived from measured parameters. Such calculations lead to a 9:" of 45(2) nm3 
and 72(3) nm
3
 for CoO/CoFe2O4 and ZnO/CoFe2O4, respectively. It can be noted that the 
calculated 9:" through the equation above and the measured 9:" reported in Table 1 are 
in good agreement and come from independent measurements. Consequently, it seems clear 
that the smaller 9:" found for CoO/CoFe2O4 is originated by the same mechanism that 
increases the thermal stability, i.e. the intra-particle interactions. 
 
The strength of the intra-particle interaction can be estimated from the energy barrier. In 
the simplest model the energy barrier of the nanoparticle is originated by the contribution of 
different terms that account for the interactions of the system,  
∆ = ∆. + ∆678`r + ∆678s`  (Equation 7) 
where ∆. arises from the magnetocrystalline, surface and shape anisotropy and ∆678`r, 
∆678s` account for the intra-particle and inter-particle interactions respectively. In spite of 
the complexity of the magnetic systems (multiple energy minima, multi-domain particles) 
arising from the core/shell structure, Equation 7 simplifies the picture by considering the 
contributions of intra- and inter-particle interactions to an energy barrier in an Arrhenius 
thermal activated process.  Assuming this approximation, from the Néel equation and the 
calculated mean blocking temperature we can estimate ∆ = 25o〈〉 for ZnO/CoFe2O4 
and CoO/CoFe2O4 NPs. If we assume that ∆. and ∆678s` are similar for both systems, the 
differences between the energy barriers could be then explained by the intra-particle 
interactions, only present in CoO/CoFe2O4 due the interface exchange interaction. To 
compare the strength of such interactions we can associate an effective magnetic field to the 
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∆678`r through ∆678`r~-678`r;9:". In this way, using the experimental 9:" values 
and a ;~80	Bau/v, the intra-particle interaction field results to be -678`r~24	owB. It is 
worth noting that the calculated interaction field is much larger than the interaction fields 
estimated from the remanence study (-0.1 kOe and -0.9 kOe for ZnO/CoFe2O4 and 
CoO/CoFe2O4 samples, respectively), supporting its exchange-coupling origin. Therefore, 
the remanence measurements allow to quantify the strength of dipolar inter-particle 
interactions of these systems but fail to account for the intra-particle interaction probably 
because of the strong coupling between the AFM and FiM phases and, according to ref 55, 
da(-) curve does not account for cooperative effects. These features are in agreement 
with a magnetization reversal process where the interface exchange interaction, JINT, is 
much larger than the AFM anisotropy of the core (xby" ≫ *:X9:X) and, as a 
consequence, it is energetically more favorable for the spins in both FiM and AFM to rotate 
together.
56
 This picture is consistent with the enhancement of the coercive field and the 





New bimagnetic nanoparticles systems have been proposed in the last years and their 
increasing complexity requires comprehensive magnetic studies in order to understand their 
properties. In this work, we have studied two core/shell magnetic systems, one formed by a 
diamagnetic core surrounded by ferrimagnetic CoFe2O4 and the other formed by an 
antiferromagnetic core surrounded by ferrimagnetic CoFe2O4. Since both systems present 
comparable size and morphology, from our studies some general issues about core/shell 
systems can be discussed. First, it is worth noting that core/shell NPs with a core that 
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occupies ~12 % of the total NP volume present magnetic properties that strongly depend on 
the magnetic nature of the core material and that are very different compared to single-
phase particles of similar volume.  
For the non-magnetic core the results can be interpreted by dominant surface effects 
induced into the ferrimagnetic phase by the shell morphology. The large magnetic surface 
disorder of the FiM shell is reflected in the MS reduction with temperature and in the 
relatively low HC compared to single-phase CoFe2O4 NPs, whose low-temperature HC was 
found to be between 10 and 18 kOe.
57–60
 In addition, viscosity measurements suggest that 
the activation or switching volume is nearly a third of the total shell volume, even if the 
total volume is lower than the critical single-domain volume. Such results evidence the 
importance of local effects, e.g. local structural and compositional inhomogeneities, on the 
reversal process.
54,61
 On the contrary, the exchange interaction at the interface reduces the 
magnetic surface disorder in CoO/CoFe2O4  as it is reflected by the weak temperature 
dependence of the MS(T), in agreement with previous studies of the effects of interactions 
on the NPs’ properties.
62
 The magnetic behavior of CoO/CoFe2O4 NPs is governed by the 
intra-particle interactions that lead to an enhancement of the thermal stability and a 
magnetic hardening of the system. The strength of the intra-particle interactions estimated 
from the energy barrier is much larger than the interaction fields estimated from the 
remanence study supporting its exchange-coupling origin. Finally, by combining 
remanence and relaxation studies we have presented a direct measurement of how the 
exchange anisotropy in bimagnetic NPs rules the magnetization reversal by promoting a 
smaller switching volume, nearly a fifth of the total CoFe2O4 shell volume. Therefore the 
interface exchange coupling, apart from increasing the energy barrier, may be responsible 
for a greater degree of incoherent rotation.  
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In conclusion, to understand of how the static and dynamic energy landscape is related to 
the real structure of the material is important for the development of new artificial 
structures. The present study intends to clarify the determining role played by the 
morphology, the surface disorder, as well as the inter- and intra-particle interactions in the 
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